Purpose: Aortic valve area (AVA) is usually estimated by the continuity equation (CE) in which the left ventricular outflow tract (LVOT) area is calculated assuming a circular shape. This study aimed to compare measurements of LVOT area using standard 2D transthoracic echocardiography (2DTTE), 3D transesophageal echocardiography (3DTEE), and multidetector computed tomography (MDCT) and assess their relative impact on AVA estimated by the CE.
| INTRODUCTION
Accurate estimation of aortic valve area (AVA) is crucial to identify patients with severe aortic stenosis (AS) who might be eligible for aortic valve replacement treatment. [1] [2] [3] The measurement of AVA using two-dimensional (2D) transthoracic echocardiography (TTE) is based on the widely accepted continuity equation, which assumes a circular geometry of the left ventricular outflow tract (LVOT). [1] [2] [3] [4] [5] However, preceding studies using three-dimensional (3D) imaging methods such as multidetector computed tomography (MDCT), magnetic resonance imaging, or 3D echocardiography have shown the LVOT shape is often elliptical, leading to a potential underestimation of LVOT area and AVA by 2DTTE. [6] [7] [8] [9] [10] [11] [12] In addition to AVA estimation, other echocardiographic criteria are taken into consideration to assess the AS severity such as transaortic gradients, dimensionless index, and planimetry AVA. [1] [2] [3] However, there are often discrepancies between these criteria and continuity equation 2DTTE-derived AVA, raising concerns about the accuracy of AVA estimation through this method. 11, 13 Multidetector computed tomography and 3D transesophageal echocardiography (3DTEE) are already routinely used in the preprocedural assessment of the aortic valve root and apparatus in the setting of transcatheter aortic valve replacement (TAVR). 14, 15 Moreover, these 3D imaging techniques allow direct LVOT area measurement by planimetry with high spatial resolution and image quality, which could then be introduced into the continuity equation for AVA calculation, avoiding the error associated with 2DTTE-derived LVOT area estimation. 16, 17 The incremental value of 3DTEE and MDCT with regard to LVOT and AVA evaluation is still scarcely explored in the literature.
The aim of this study was to (i) compare measurements of LVOT area acquired by 2DTTE, 3DTEE, and MDCT in patients with AS being assessed for TAVR; (ii) assess the impact of a modified multimodality continuity equation incorporating either 3DTEE or MDCT-derived LVOT areas; (iii) evaluate the congruence between 3D-derived AVA and various echocardiographic severity criteria for AS.
| METHODS
From April 2014 to December 2015, we prospectively enrolled 60 patients with severe aortic stenosis (defined by 2DTTE estimated AVA <0.6 cm 2 /m 2 using the continuity equation) who were referred for TAVR assessment. Patients were included if they had performed 2DTTE, 3DTEE, and MDCT at our institution within 1 week of each other. Patients with previous surgery of the aortic valve or ascending aorta were excluded. The study protocol was approved by the local ethics committee, with waiver of individual informed consent.
| Echocardiography
Echocardiography studies were executed using a commercially available echocardiographic system (iE33 Philips Medical Systems, Andover, MA, USA) using an S5-1 array probe for 2D echocardiography. All measurements were performed according to recommendations of the Intra-observer variability and inter-observer variability for LVOT diameter on 2DTTE and for LVOT area measurement on 3DTEE were assessed using a randomly selected subset of 15 patients. Measurements were repeated by the same observer after an interval ≥1-month and by a second independent blinded reader. Reproducibility was estimated by intra-class correlation coefficient, with good agreement defined as >0.80.
| Multidetector computed tomography (MDCT)
Multidetector computed tomography scans were performed using a 64-detector scanner (VCT Lightspeed, GE Healthcare, Milwaukee, WI, USA) after administration of iodinated contrast agent (90-110 mL of Ultravist 370) at 4-5 mL/s followed by 30-50 mL of normal saline at the same rate. Data were acquired using a retrospective ECGcontrolled tube current modulation technique, where the highest tube current (450-500 mA) was applied only during the systolic phase of the cardiac cycle. Images were reconstructed from phase 20% to 50%
of the RR interval, with 5% interval increments. Mean radiation dose for the entire protocol (which comprehends thoracic and abdominal scan for vascular access study for TAVR) was 19±5 mSv.
Multidetector computed tomography images were analyzed on a dedicated CT workstation (iNtuition, TeraRecon, San Mateo, CA, USA) by an experienced cardiac CT reader who was blinded to all echocardiographic data. The largest cross-sectional area of the LVOT was measured manually at mid-systole (20%-40% of the RR interval depending on the heart rate) just below the level of the aortic valve "hinge points" and using double oblique images to identify the true short-axis ( Figure 2 ). 17 LVOT minimum and maximum diameters were also collected at this level for determination of the eccentricity index.
Planimetry AVA was assessed manually at maximal aortic valve opening by scrolling through the short-axis images toward the tip of the cusps until the smallest orifice was found. AVA was then traced at the inside borders of the coronary cusps ( Figure 3 ).
17,18
Intra-observer variability and inter-observer variability for LVOT area quantification on MDCT were evaluated using a random subset of 15 patients, with measurements repeated by the same observer after an interval ≥1-month and by a second independent blinded reader. Reproducibility was estimated by intra-class correlation coefficient, with good agreement defined as >0.80.
| Modified continuity equation for AVA estimation
We replaced the conventional 2DTTE LVOT area in the continuity 
| Statistical analysis
Continuous variables are presented as mean value±standard deviation and categorical variables as absolute numbers and percentages. LVOT and AVA data were compared using two-sided paired t test, after checking normal distribution of data and homogeneity of variances.
Pearson correlation coefficient was used to test associations between continuous variables. Bland-Altmann analysis was performed to systematically assess the differences between the LVOT areas measured by 2DTTE, 3DTEE, and MDCT. 19 A probability value of <.05 was accepted as statistically significant. Statistical analysis was performed using SPSS Statistics, version 21.
| RESULTS
Of the 60 consecutive patients enrolled, five were excluded due to inadequate echocardiographic or tomographic images and three due to concomitant conditions that rendered invalid the continuity equation
(two patients with significant aortic regurgitation and one patient with LVOT flow velocity >2 m/s). The final sample consisted of 52 patients, aged 81.5±5.3 years, and 28 were women (54%). Table 1 summarizes the 2DTTE measurements for this population.
| Assessment of LVOT area and shape
Left ventricular outflow tract diameter on 2DTTE was 2.04±0.20 cm, while the mean LVOT diameter on 3DTEE was 2.13±0.25 cm and on MDCT was 2.32±0.27 cm (P<.001). Further findings from 3DTEE and MDCT are depicted in Table 2 . The intra-observer and inter-observer agreement for LVOT diameter and area measurements using the intra-class correlation coefficients were as follows: 2DTTE LVOT diameter (intra-observer 0.93 and inter-observer 0.91), 3DTEE LVOT area (intra-observer 0.96 and inter-observer 0.92), and MDCT LVOT area (intra-observer 0.97 and inter-observer 0.94). 
| AVA and modified continuity equation

| Patient reclassification and congruence between echocardiographic parameters and fusion AVA
The dimensionless index (DI), derived from the ratio of LVOT VTI /AV VTI , is independent of the LVOT area measurement and is suggestive of T A B L E 2 3DTEE and MDCT imaging characteristics of the study sample (n=52) where five of nine patients were reclassified into moderate aortic stenosis. The impact of using 3DTEE fusion AVA was less pronounced with a percentage of reclassification over the whole sample of 15%
(eight patients).
To improve AVA assessment by 2DTTE, we estimated a cor- 
| DISCUSSION
In the present study, we found that both 2DTTE and 3DTEE underestimated LVOT area when compared to MDCT and therefore AVA estimation by echocardiography alone was significantly undervalued.
Incorporating the planimetric area of the LVOT measured by MDCT into a modified multimodality continuity equation yielded significantly larger AVA values, with nearly one in four patients being reclassified from severe to moderate AS.
Moreover, we confirmed the LVOT shape is rather oval than round, which is supported by the mean eccentricity index obtained by MDCT (1.46±0.14) and is in accordance with the findings of previous studies. [6] [7] [8] [9] [10] [11] [12] MDCT allows planimetric measurement of the LVOT area and is therefore independent of geometric assumptions. In contrast, 2DTTE assumes a circular LVOT and relies on a single sagittal diameter mensuration which, in the setting of an eccentric LVOT, may more often correspond to the minimum diameter than to the mean diameter of the ellipse. Furthermore, the squaring of that diameter to derive the area [(LVOT diameter/2) 2 ×∏] exponentiates even small errors.
Our findings have shown that replacing 2DTTE LVOT area in the continuity equation by MDCT LVOT area resulted in a mean increase of 0.18 cm 2 in AVA values. Yet performing an MDCT scan to assess the LVOT area would be impractical for most patients. 3D echocardiography which also provides threedimensional imaging of the LVOT could dismiss the need for an MDCT scan. However, previous publications have suggested that 3D transthoracic echocardiography also underestimates LVOT area when compared to MDCT. [9] [10] [11] Insufficient spatial resolution, especially lateral resolution, to accurately delineate the LVOT borders has been appointed as the primary reason for the underestimation. 9 The current study sought to overcome the image quality issue using TEE, routinely performed in our center for pre-TAVR assessment.
Despite improved echocardiographic window, our results showed that 3DTEE still underestimates LVOT area by a mean of 0. Multimodality imaging is playing an increasingly more important role in the setting of patients with moderate-to-severe AS and prospective aortic valve replacement treatment. 11, [20] [21] [22] Following the results of the current and previous research, it appears that in patients with discordant calculated AVA, transaortic gradients and DI, a precise assessment of the LVOT area by MDCT, may be useful to accurately classify the severity of the AS. 11, 20, 23 In the present study, MDCT fu- Our study had important limitations. First and more critical is the absence of a true "gold standard" for AVA. The constraints of AVA estimation using cardiac catheterization and Gorlin formula are well known. 24, 25 The role of MDCT on LVOT assessment has been comprehensively described in recent publications, and we acknowledged MDCT as the most reliable method for LVOT area measurement. 7, [9] [10] [11] 15, 16, 20, 23 Second, not all measurements in our study were subject to intra-and inter-observer agreement. Despite this, both echocardiography and MDCT data were collected by experienced operators and the excellent intraclass correlation coefficients obtained for the LVOT areas were reassuring of the overall data quality. Third, the present research focused exclusively on patients with severe AS, and, as such, the findings might not be applicable to patients with mild-to-moderate AS, in whom the ellipticity of the LVOT might be less accentuated. Fourth, the prognostic implications of fusion AVA need to be evaluated in prospective studies and a proper cut-point value for severe AS when using fusion AVA needs to be established. In a recent study, Clavel et al. 26 have suggested that cut-point at a value of 1.2 cm 2 , but further research is needed.
| CONCLUSIONS
Three-dimensional imaging confirms the LVOT is elliptical in most patients, resulting in underestimation of LVOT area and hence AVA when assessed by 2DTTE. Although 3DTEE approximated its LVOT measurements to those of MDCT, it still failed to recognize larger areas. Incorporating the planimetric area of the LVOT measured by MDCT into a modified continuity equation yielded significantly larger AVA values, with 24% of the patients in our study being reclassified from severe to moderate AS. In patients with discrepant echocardiographic criteria for AS severity, multimodality imaging may be useful for a more accurate assessment.
